Abstract The purpose of this article is to illustrate the usefulness of MR imaging in the clinical evaluation of congenital and acquired cardiac diseases characterised by ventricular septal wall motion abnormality. Recognition of the features of abnormal ventricular septal motion in MR images is important to evaluate the haemodynamic status in patients with congenital and acquired heart diseases in routine clinical practice.
Introduction
The interventricular septum (IVS) is an important structure that not only plays a direct role in bi-ventricular function, but can also reflect changes in the function of either ventricle, exhibiting abnormal configurations and motions that have physiological and diagnostic value [1] .
Many conditions can cause abnormal motion of the ventricular septum. Although characteristics have been described to help differentiate these entities, its appearance on echocardiography may be similar [2] . Cardiac MRI can evaluate the motion of cardiac structures, accurately assess the right and left ventricular function, and identify myocardial viability in a single examination.
This article reproduces MR images of a wide range of congenital and acquired heart diseases characterised by abnormal configuration and motion of the ventricular septum.
Position and geometry of the ventricular septum
Under normal conditions, the septum has a right convexity, and this configuration is maintained during the cardiac cycle. Because the two ventricles compete for space within the pericardium and share common myocardial fibres in the septal region, filling in one ventricle affects filling in the other, because of septal shift. This is a normal physiological phenomenon known as ventricular interdependence, which is altered by the pressure changes during ventricle filling [1, 3] . Inspiration enhances early right ventricular (RV) filling while the opposite occurs during expiration, which leads to a small septal excursion in normal subjects, and in a minority to inspiratory septal flattening dependent upon the depth of respiration [3] .
Paradoxical septal motion (PSM) is the abnormal movement of the IVS towards the left ventricle despite normal thickening. The abnormal ventricular septal motion can occur with right ventricle to left ventricle pressure gradient change, when the pressure overcomes the myocardial stress and contractile force or there is a loss of myocardial contractility [1, 4] .
Paradoxical septal motion is a common finding after uncomplicated cardiac surgery, and has been recognised in patients with right-sided regurgitant lesions, left-to-right shunts, pulmonary hypertension, mitral stenosis, constrictive pericarditis and heart diseases with abnormal conduction. Several causes of PSM have been proposed, yet the exact mechanism remains unclear [5] .
The ventricular septal motion can be visually assessed on short-axis and four-chamber cine-MR views in the two cardiac phases and, its position classified as normal, flattened or left bowing (convex towards the left ventricle; Fig. 1 ). A summary of the different types of abnormal septal motion in congenital and acquired heart diseases is presented in Table 1 .
In the short-axis view, the abnormal septal motion can be easily quantified on the basis of the septal curvature. A negative value of septal curvature represents leftwards bowing of the septum into the left ventricular (LV) cavity, and a positive value indicates rightwards bowing or a more physiological septal contour [3, 6] . In conjunction with the ratio of septal curvature, the relationship between the left ventricle and the right ventricle can be quantitated on the basis of the ratio between the LV antero-posterior dimension and the septo-lateral dimension at end systole or end diastole. This "eccentricity index" is abnormal when this ratio is more or less than 1.0 (Fig. 2) [7] .
Right ventricular volume overload
Whereas in the short-axis view, the LV cavity maintains a circular profile throughout the cardiac cycle in normal subjects, in RV volume overload, the left ventricle assumes a progressively more D-shaped cavity as the ventricular septum flattens and progressively loses its convexity with respect to the centre of the RV cavity during diastole, with relative sparing of LV deformation at end-systole (Movie 1) [8] .
The most common lesions associated with RV volume overload are left to right shunts, tricuspid regurgitation in the setting of Ebstein anomaly and pulmonary regurgitation in the setting of tetralogy of Fallot.
Left to right shunts
Atrial septal defects and partially anomalous pulmonary venous returns to systemic veins or directly to the right atrium result in left-to-right shunting, which when significant, leads to right atrial and ventricular enlargement and pulmonary artery dilatation. In these patients, the degree of flattening and leftwards septal bowing during diastole (Fig. 3) was related to the degree of volume overload [9] .
Surgical closure should be considered in the short term for patients with a ratio of pulmonary-to-systemic blood flow (Qp/Qs) higher than 1.5, irrespective of age. After surgical closure, the persistence of right ventricular dilatation and paradoxical septal motion are common, with older age at surgery, systolic pulmonary artery pressure>40 mmHg and a ratio of pulmonary/systemic blood flow>3 [10] .
Pulmonary and tricuspid regurgitation
Ebstein's anomaly is a common primary cause of tricuspid regurgitation characterised by varying degrees of dysplasia Fig. 1 A 61-year-old man with pulmonary hypertension and dyspnea at exertion. End systolic (a), and early (b) and end (c) diastolic shortaxis steady-state free precession cine MR images. During early filling, the septum (arrow) bows into the left ventricle and regains a normal appearance (arrowhead) at the end of diastolic filling. The septum is flattened at end systole and displacement of the tricuspid valve leaflets into the RV [11] . The major haemodynamic consequence of tricuspid regurgitation is an increase in end-diastolic RV volume that leads to paradoxical septal motion during diastole. Although this abnormal septal motion is not specific to valve regurgitation, its presence is considered to be a distinct indirect echocardiographic and Doppler parameter for severe tricuspid regurgitation [12] . In some cases, right ventricular dilatation is so marked that the ventricular septum bulges leftwards during diastole, compressing the left ventricular chamber (Fig. 4) . Episodic left ventricular outflow tract obstruction may be observed in extreme cases [11] .
Tetralogy of Fallot (TOF) is the most common form of cyanotic congenital heart disease after the first year of life. Most patients with TOF nowadays undergo total repair early in life via closure of the ventricular septal defect and relief of RV outflow tract (RVOT) obstruction with good results.
Long-term follow-up studies have reported that following TOF repair, these patients have residual haemodynamic abnormalities, such as pulmonary regurgitation after RVOT patch augmentation, which leads to progressive RV dilatation, tricuspid regurgitation and secondary RV volume overload [7, 13] . This abnormal RV volume overload is associated with flattening (Movie 1) or leftwards septal bowing during diastole that causes alterations in left ventricular geometry and function ( Fig. 5 and movie 1) [7] .
Left ventricular dysfunction in patients following TOF repair was found to be the strongest predictor of poor clinical status. Proposed mechanisms include akinesia resulting from the ventricular septal defect patch, septal fibrosis, chronic volume loading from early palliative shunt creation, progressive mechanical interaction between an enlarged failing RV and the LV that is mediated through paradoxical septal motion, and myocardial injury at the time of repair [7, 13] . Right ventricular restoration in patients with severe right ventricular dilatation and underlying aneurysm or akinesia of the right ventricular outflow tract has proven to be an effective procedure to return the bowed non-functional septum to a central position that improves right-sided function [13] .
This paradoxical septal motion may also be observed in asymptomatic postoperative patients following TOF repair without significant right ventricular volume. Prolongation of the QRS duration secondary to right bundle branch block has Fig. 2 Eccentricity index. Short-axis steady-state free precession cine MR images at end systole (left) and end diastole (right). The length of the short-axis diameter (perpendicular to the interventricular septum) from the left ventricular septal endocardium to the endocardium of the postero-lateral free wall is defined as D1. The length of the orthogonal short-axis diameter between the endocardial surfaces of the anterior and inferior LV free wall is defined as D2. Left ventricular eccentricity at end systole or end diastole was defined as the ratio of D2/D1.The eccentricity index was determined by dividing the D2/D1 throughout the cardiac cycle been related to the degree of reduced regional septal systolic function. Reduced LV systolic function in this group of patients is mainly secondary to diminished regional septal systolic function and the paradoxical septal motion [7] .
Right ventricular pressure overload
Right ventricular pressure overload also distorts the normal circular short-axis geometry of the left ventricle by shifting the septum leftwards away from the centre of the right ventricle and towards the centre of the left ventricle, resulting in flattening or leftwards bowing of the ventricular septum predominantly during end systole and early diastole (Movie 2). The distortion in LV cavity at end systole due to septal flattening or leftwards bowing contributes to preserved systolic ventricular function [8] .
The most common models of RV pressure overload are RV outflow tract (RVOT) obstruction and conditions with systemic RV pressures (pulmonary hypertension and systemic right ventricle).
Right ventricular outflow tract obstruction
Valvular pulmonary stenosis is found in patients with RVOT obstruction and is almost always congenital. Pulmonary stenosis, when significant, results in delayed ventricular filling and compensatory RV hypertrophy. RV systolic function is initially preserved with RV pressure overload, but diastolic dysfunction occurs as a consequence of myocardial hypertrophy and remodelling [14] .
Cardiac MRI can show normal septal function or septal flattening or leftwards bowing throughout the cardiac cycle with most marked distortion of the left ventricle at early diastole. In addition, it is the gold standard method for quantifying RV size and function, and can provide additional information for assessing pulmonary stenosis and locating the exact area of obstruction [15] .
After percutaneous pulmonary valve implantation, an increase in LV end-diastolic volume due to an improvement in early diastolic filling has been reported. This better LV filling correlates with more favourable septal motion [14] . Fig. 3 A 38-year-old woman with symptoms of right heart failure. a Sagittal steady-state free precession cine MR image revealing direct communication (arrowhead) between the superior vena cava (asterisk) and the left atrium (LA), consistent with a sinus venous defect and an enlarged pulmonary trunk (arrow). The ratio between pulmonary and systemic flow (Qp/Qs) was 2.1 (not shown
Systemic right ventricular pressures

Pulmonary hypertension
Pulmonary hypertension is characterised by a progressive increase in pulmonary vascular resistance from various congenital and acquired causes leading to right ventricular pressure overload and failure.
In patients with severe pulmonary hypertension, the RV pressure overload causes a decrease in the left-to-right transseptal pressure gradient. During early diastole the LV pressure drops to near zero to enable rapid LV filling, and the pressure in the RV prevails, pushing the septum away from the RV centre. This explains IVS flattening or inversion during the filling phase of diastole and the "Dshape" of the left ventricle visible on short-axis views (Movie 2 and Fig. 6 ) [6] .
The radius of septal curvature compared with the free wall curvature, measured with cardiac MR, has been recently proposed as a non-invasive index for estimating elevated RV systolic pressure and for explaining LV cavity deformation occurring in patients with pulmonary hypertension [15] . A leftwards septal bowing has only been observed at systolic pressures higher than 67 mmHg, and severe leftwards ventricular septal bowing is considered to be associated with a poor prognosis in pulmonary hypertension [6] .
Left ventricular dysfunction in patients with pulmonary hypertension can be caused by synchronous coronary disease or a congenital defect, or can be secondary to the haemodynamic effects of pulmonary hypertension on the left ventricle. The increase in pulmonary vascular resistance causes a decrease in RV stroke volume and, consequently, the LV filling and LV stroke volume. In addition, the septal bowing further reduces the LV volume in early diastole, thus limiting the LV filling process during the most important phase of rapid filling [6] . Patients with pulmonary hypertension and LV impairment have a poor prognosis, tend to worsen and may require a double lungheart transplant.
Systemic right ventricle
A morphological right ventricle in the systemic position in adulthood is most commonly encountered in patients with congenitally corrected transposition of the great arteries (ccTGA) and those with dextro transposition of the great arteries (D-TGA) following atrial switch procedures (Mustard or Senning). The result is chronic RV pressure overload. Over time, both conditions may lead to RV dysfunction, and often this becomes a major clinical concern [16, 17] .
In both of these conditions, the presence of significant tricuspid regurgitation and/or RV dysfunction is associated with a significantly higher mortality. The factors responsible for this remain unclear [16, 17] .
In patients with ccTGA and D-TGA following the atrial switch procedure, in which the right ventricle is exposed to systemic pressure and the left ventricle is exposed to only pulmonary pressure, the ventricular septum can bow into the left ventricle during end-systole (Fig. 7) . RV dysfunction and complete heart block are some of the causes implicated in the leftwards septal shift [16, 17] .
This abnormal septal configuration could also contribute to tricuspid regurgitation in both conditions as the ventricular septum bows into the left ventricle and the septal attachments of the tricuspid valve are pulled away from its annulus. These geometric alterations potentially lead to a more inferior zone of coaptation, less overlap of the tricuspid valve leaflets and progressive tricuspid regurgitation [16] .
It has been observed that tricuspid regurgitation increases after conventional or physiological repair, in which the tricuspid valve is left in the systemic circulation, and tricuspid regurgitation decreases after procedures that increase LV pressure, such as pulmonary artery banding. The clinical significance of these findings suggests that pulmonary artery banding may be effective as an isolated treatment for tricuspid regurgitation in patients with D-TGA after atrial switch repair and ccTGA [17] . Fig. 4 A 24-year-old woman presenting with dyspnoea on exertion who had a history of exercise intolerance since childhood. Axial steady-state free precession cine MR images of the heart obtained at diastole showing an enlarged right atrium (RA) and right ventricle (RV), normal anatomical location tricuspid valve annulus and proximal portion of the anterior leaflet (arrowhead), inferiorly displaced septal leaflets (arrow) and leftward septal bowing of the atrialised right ventricle (arrows), which was accentuated during systole. The cause is an increase in right-sided blood volume and pressure. The tricuspid valve regurgitation rate calculated for this patient was 57% (not shown)
Constriction vs. restriction
Constrictive pericarditis
The most distinctive feature of constrictive pericarditis is increased pericardial stiffness, leading to impaired ventricular filling with a subsequent rise in filling pressures. Although a pericardial width of more than 4 mm has been used as a morphological criterion to diagnose constrictive pericarditis, a significant number of patients with pericardial constriction are found to have a minimally increased or even normal pericardial width during surgery. In such cases, one of the most useful criteria for differentiating constrictive pericarditis from other entities with increased filling pressure, such as restrictive cardiomyopathy, is the presence of abnormal septal bowing towards the LV during early diastole (Movie 3 and Fig. 8 ) [3] . Early diastolic leftwards ventricular septal bowing can be enhanced at the onset of inspiration as the changes in intrathoracic pressure are not transmitted to the cardiac chambers, because the non-compliant pericardium impedes the outward movement of the ventricular free wall (Movie 3). Therefore, during inspiration, the pulmonary venous left atrial pressure gradient decreases, reducing flow to the left heart, with a concomitant increase in flow to the right chambers, a sign of pathological ventricular interdependence [3, 18] .
Inspiratory septal bowing during early diastole can also be seen in inflammatory pericarditis (Fig. 9) because the inflammatory thickened pericardial layers may lower pericardial compliance and lead to transient pericardial constriction [18] . Late enhancement of the inflamed pericardium after the administration of gadolinium-based contrast material is useful to differentiate inflammatory pericarditis from fibrosing forms of chronic pericarditis (Fig. 9b) .
Abnormal electrical activity
The conduction delay existing in the left bundle branch block is generally associated with delayed depolarisation and contraction of the lateral LV free wall, causing the Fig. 5 A 42-year-old woman with pulmonary regurgitation after surgically repaired tetralogy of Fallot who presented with dyspnoea at exertion. Early (a) and end (b) diastolic short-axis steady-state free precession cine-MR images showing dilatation of the right ventricle and flattening of the ventricular septum (arrow) at early diastole that regained a normal appearance at the end of diastolic filling. c Phase velocity-encoded cine MR image on a plane perpendicular to the main pulmonary artery during diastole, showing back blood flow, which indicates retrograde flow due to pulmonary regurgitation. The regurgitation rate calculated for this patient was 59% septum to move passively to the LV cavity in early systole. Furthermore, tricuspid valve opening and right ventricular filling occur much earlier than mitral valve opening and left ventricular filling, and the resultant additional RV volume may be responsible for the early systolic displacement of the septum into the left ventricle. When the rest of the left ventricle contracts, the septum is relaxed and bows into the right ventricle because of rising left ventricular pressure. This paradoxical motion does not cause any mechanical disadvantage in structurally normal hearts [19] .
The presence of left bundle branch block in patients with dilated or ischaemic cardiomyopathy implies a progressive worsening of the LV systolic function and prognosis. The early right ventricular activation leads to right ventricular ejection during the left ventricular enddiastolic period and the septal motion is paradoxical. Consequently there is a reduced LV filling, decreased septal contribution and increased functional mitral regurgitation, which ultimately decreases forward cardiac output [20] . 
Septal myocardial disease
Myocardial infarction of the septum Left anterior descending artery occlusion produces necrosis of the apex and anterior septum.
Septal myocardial infarction has many deleterious effects, among which are the loss of contractile function, impairment of electrical conduction and loss of ventricular synchrony [21] .
Left bundle branch block is commonly associated with atherosclerotic coronary artery disease, and its identification in these patients is important to stratify the risk and manage the therapy [22] .
Patients with antero-septal myocardial infarction and left bundle branch block exhibit similar paradoxical systolic movement of the IVS (Fig. 10) , which may limit the interpretation of non-invasive stress tests [23] . Moreover, myocardial perfusion studies often suffer from falsepositive antero-septal or septal perfusion defects in the absence of left anterior descending artery stenosis [22] .
Only myocardial contrast echocardiography with adenosine and 64-slice computed tomography seems to improve diagnostic accuracy [22] .
Recent studies have shown that tagging cardiac MRI combined with viability data obtained by late gadolinium enhancement may be a valuable adjunct for the assessment of myocardial viability in patients with regional wall motion abnormalities and left bundle branch block or myocardial infarction (Fig. 10c) [23] .
Arrhythmogenic right ventricular cardiomyopathy
The septum plays a central role in the understanding and management of the RV failure seen in RV dysplasia. The disease involvement is not limited only to the RV as LV has also been reportedly affected. Right ventricular free wall is replaced by a fatty deposition that allows the free wall to dilate and become aneurysmal. These right ventricular Fig. 8 A 36-year-old man who had had symptoms of right heart failure for 2 months. Sagittal T1-weighted fast spin-echo MR image showing diffuse pericardial thickening (arrows) outlined by epicardial and anterior mediastinal fat, which was most pronounced over the right ventricle Fig. 9 A 60-year-old man with shortness of breath and chest pain. a Early diastolic four-chamber steady-state free precession cine-MR image during operator-guided breathing inspiration, showing ventricular septal flattening (arrowheads) that disappears at late filling (not shown). Note the associated small pericardial effusion and bilateral pleural effusions (asterisks). A round atelectasis (star) can also be observed. b
Four-chamber inversion-recovery turbo field-echo MR image revealing delayed enhancement of the pericardium (arrows), indicative of inflammation. Note the associated small pericardial effusion and bilateral pleural effusions (asterisk) and round atelectasis (star). Findings at subsequent pericardiocentesis confirmed exudative effusion changes exist despite normal pulmonary artery pressure. Left ventricular involvement is associated with increased myocardial mass, inflammatory infiltrates, clinical arrhythmic events and more severe right ventricular wall thinning and heart failure [24] .
Cardiac MRI can show normal septal function or septal flattening or leftwards bowing during early diastole, which may lead to left ventricular dysfunction. Understanding septal function and its contribution to RV performance has allowed for a rational design of a procedure to treat this disease. The treatment goals are to limit free wall aneurysm, as reported experimentally, and restore the midline septal position [25] .
Multi-factorial causes
Abnormal septal motion due to multi-factorial causes may also be observed after cardiac surgery and cardiac transplant.
Cardiac surgery
Systolic movement of the interventricular septum towards the LV despite normal thickening is assumed to be a usual and inevitable event after uncomplicated heart valve surgery, coronary artery bypass grafting and cardiac transplantation. The cause is uncertain but is likely to be related to alterations in heart mobility in the chest due to postoperative adhesions, conduction abnormalities and some mechanism that injures the IVS. In general, PSM is typically transient, not due to septal ischaemia or infarct, and resolves within the first year as pericardial adhesions form or as conduction abnormalities [5] .
Leftwards septal bowing during systole can also be seen in cardiac transplant patients (Fig. 11) with RV pressure overload in the donor heart secondary to the effect of the recipient's increased pulmonary resistance by chronic LV failure of the excised heart [26] .
Conclusion
Cardiac MRI assessment of ventricular septal curvature in systole and diastole is important for evaluating the haemodynamic status in patients with congenital and acquired heart disease in routine clinical practice. Paradoxical septal wall motion can be seen in structurally normal hearts with a history of left bundle branch block or is typically transient after open cardiac surgery. However, with the presence of abnormal septal motion, additional emphasis should be placed on the confirmation, as well as determination, of the aetiology and severity of right-sided pressure and/or volume overload. Future studies are required to show the predictability of septal wall motion abnormality and the degree of cardiac dysfunction.
